Purpose: Describe timing from intensive care unit (ICU) admission to initiation of continuous electroencephalogram (cEEG) in repeated ICU admissions. Method: We performed a retrospective observational study in pediatric patients who underwent repeated ICU admissions with cEEG from 2011 to 2013. The main outcome measure was time from ICU admission to cEEG. Results: There were 41 patients (54% males) with at least 2 ICU admissions with cEEG (median (p25-p75) age at first admission: 3.3 (0.3-8.4) years, at second admission: 3.9 (1.1-9.4) years), 7 patients (57% males, 9.9 (2.9-11.5) years) with at least 3 ICU admissions, and 5 patients (60% males, 10.1 (4-10.5) years) with at least 4 ICU admissions. One patient had 21 ICU admissions. The median (p25-p75) time from ICU admission to cEEG was not different during the first and second ICU admissions [10.7 (1.9-22.9) hours versus 13 (0.2-36.7) hours; p = 0.908]. Among patients with electrographic seizures on first admission, time to cEEG was not different during the first and second admissions [7.9 (0.5-23.4) hours versus 14.5 (À2 to 44.5) hours; p = 0.636]. Among patients with status epilepticus during the first admission, time to cEEG was not different between the first and second admissions [15.3 (9-79) hours versus 40.7 (19.3-42.6) hours; p = 0.75]. Conclusions: The time from ICU admission to the initiation of cEEG did not decrease in second or subsequent ICU admissions, even in patients with seizures or status epilepticus on the first admission.
Introduction
Electrographic seizures are found in 7-46% of clinically indicated continuous electroencephalograms (cEEG) in the pediatric intensive care unit (ICU) [1] [2] [3] [4] [5] [6] [7] . The burden of electrographic seizures among critically ill children is increasingly recognized and utilization of cEEG is growing rapidly, at a pace of approximately 30% per year [8] . High electrographic seizure burden and status epilepticus (SE) are associated with poorer outcomes in neonates [9] [10] [11] [12] , children [1, 5, 10, 11, 13, 14] , and adults [15] [16] [17] .
A growing body of research suggests that electrographic seizures may be causally related to poorer outcomes. First, prolonged electrographic seizures or electrographic SE are independently and strongly associated with poorer outcomes [5, 9, 14, 18] . Second, seizure burden is associated with poorer neurological outcome in a dose-response pattern typical of causal associations [5] . Lastly, the time from ICU admission to cEEG is independently associated with in-hospital mortality both in neonates and older children [19] . A standardized pathway for cEEG monitoring may reduce the time from seizure onset to treatment administration [20] , but little is known about the time from when a cEEG is indicated to the actual start of cEEG. A series of 625 patients showed that the time from ICU admission to cEEG initiation is prolonged Àapproximately 17 h-in both neonates and children [19] . While this study showed that the time to cEEG is delayed during the first ICU admission, it is currently unknown whether the time from ICU admission to cEEG changes with subsequent ICU admissions in the same patient. This study aims to address this gap in knowledge by evaluating how the time to cEEG changes in patients with repeated admission to the ICU.
Patients and methods

Standard protocol approvals, registrations, and patient consent
This study was approved by Boston Children's Hospital's Institutional Review Board.
Study design
This was a retrospective descriptive study conducted at Boston Children's Hospital, a tertiary care pediatric hospital.
Patients
Inclusion criteria were: 1) age from birth Àincluding premature babies-to 21 years, 2) cEEG monitoring in the ICU at Boston Children's Hospital, and 3) ICU admission between January 1st, 2011 and December 31st, 2013. Exclusion criteria were cEEG in a non-ICU setting or cEEG in the ICU during a scheduled ICU admission or epilepsy surgery. cEEG initiated in another setting but continued in the ICU were included in the analysis. Newborns were defined as patients with an age of less than 28 days of life normalized to 40 weeks of gestational age, regardless of gestational age at birth. Patients born prior to 37 weeks of gestational age were considered premature. A detailed analysis of clinical and demographic characteristics of patients undergoing their first cEEG monitoring has been published previously [19] .
EEG monitoring
Neonatal and pediatric EEG studies were performed using the international standard 10-20 system of electrode placement. Following the threshold initially proposed by the Pediatric Critical Care EEG group, an EEG was considered cEEG when it was recorded uninterruptedly for a minimum of 3 h [8] . An electrographic seizure was defined as an abnormal, paroxysmal EEG event that differed from the background activity, that lasted longer than 10 s (unless associated with clinical signs, in which case any duration would be considered a seizure), had a plausible electrographic field, and evolved in frequency, morphology, and spatial distribution [1] . An electrographic seizure can be electro-clinical if associated with clinical manifestations, or electrographic-only if subclinical [1] . Electrographic SE occurred when seizures Àcontinuous or intermittent-lasted more than 30 min in any one-hour epoch [1] .
Variables
Clinical and EEG information was extracted from the clinicallygenerated reports in the electronic health record. The main outcome measure was the change of the time from ICU admission to initiation of cEEG over subsequent admissions. We collected relevant demographic and clinical variables including: 1) age; 2) gender; 3) etiology divided into symptomatic structural, symptomatic non-structural, non-central nervous system (CNS) etiology, and unknown; 4) electrographic seizures on cEEG; and 5) electrographic SE on cEEG. Study data were collected and managed using REDCap electronic data capture tools hosted at Boston Children's Hospital. REDCap (Research Electronic Data Capture) is a secure, web-based application designed to support data capture for research studies [21] .
Definition of an independent cEEG monitoring episode
The time to cEEG was calculated as the time from ICU admission to the time of cEEG initiation. If several episodes of cEEG monitoring occurred during an ICU admission, only the first one was considered. We defined an independent cEEG monitoring episode as an episode during which the patient was initiated on cEEG in less than 7 days after ICU admission. The rationale for setting a 7 day cutoff is that cEEG started after 7 days of ICU admission was probably initiated due to conditions that started after ICU admission. Even in patients who were started on cEEG prior to 7 days the indication to start cEEG may have started later than ICU admission. We did not exclude patients in whom cEEG monitoring was started in the emergency room before being admitted to the ICU.
Statistical analysis
Demographic and clinical characteristics were summarized with descriptive statistics. As observations for the same patient over time are not independent, we compared the time to cEEG within the first two ICU admissions using a Wilcoxon signed rank test to take into account non-independent observations. Statistical significance was set at a conventional two-sided alpha value of 0.05. All statistical analyses were performed with R (version 3.2.2): a language and environment for statistical computing (R Core Team (2015). R Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/) [22] , RStudio [23] , and the gmodels [24] and ggplot2 [25] packages. All code for analysis with the results are available at File e-1.
Results
Demographic and clinical features
There were 41 patients (54% males) with at least two ICU admissions, 7 patients (57% males) with at least 3 ICU admissions, and 5 patients (60% males) with at least 4 ICU admissions. One patient had 21 ICU admissions. The median (p 25 -p 75 ) age at admission was 3.3 (0.3-8.4) years at first admission, 3.9 (1.1-9.4) years at second admission, 9.9 (2.9-11.5) years at third admission, and 10.1 (4-10.5) years at fourth admission (Table 1) . During the first admission, the median (p 25 -p 75 ) time between cEEG and first seizure detected on cEEG was 91 (40-480) minutes and 23% of patients had seizures with no clinical correlate. During the second admission, the median (p25-p75) time between cEEG and first seizure detected on cEEG was 34 (8.5-64.5) minutes and all patients had seizures with some clinical correlate. There were 5 neonates in the first admission group and none afterwards. When compared with patients with a single ICU admission with cEEG, patients with repeated ICU admissions with cEEG had a lower proportion of newborns and there was a tendency towards older age on first admission (Table 2) . (Fig. 1) The median (p 25 -p 75 ) time from ICU admission to cEEG was not different during the first and second ICU admissions [10.7 (1.9-22.9) hours for the first admission versus 13 (0.2-36.7) hours for the second admission; Wilcoxon signed ranked test, p = 0.908].
Time from ICU admission to cEEG during the first two admissions
Among 13 patients with electrographic seizures during the first admission, 5 (38.5%) had seizures during the second admission. Among 28 patients with no electrographic seizures during the first admission, 6 (21.4%) had seizures during the second admission (Fisher's exact test, p = 0.28). Among patients with electrographic seizures detected during the first ICU admission the time from ICU admission to cEEG was not different during the first and second ICU admissions [7.9 (0.5À23.4) hours for the first admission versus 14.5 (À2 to 44.5) hours for the second admission; Wilcoxon signed ranked test, p = 0.636].
Among three patients with electrographic SE during the first admission, two (66.7%) had electrographic seizures and electrographic SE during the second admission. Among 38 patients with no SE during the first admission, nine (23.
Time from ICU admission to cEEG in subsequent admissions
The median (p 25 -p 75 ) time from ICU admission to cEEG was 11.4 (2.5-14.1) hours for the third admission and 5.3 (2.5-10.9) hours for the fourth admission. The data shows a tendency towards shorter times with repeated admissions (Fig. 2) . The time to cEEG in the patient with multiple admissions fluctuated between admissions with no major delays to cEEG initiation ( Fig. e-1 ).
Discussion
In our series of critically ill children with repeated episodes of cEEG monitoring, the time from ICU admission to the initiation of cEEG did not change during the second ICU admission, even in patients with electrographic seizures or electrographic SE during the first ICU admission.
cEEG monitoring in the ICU is growing rapidly, at a pace of approximately 30% per year in both adults [26] and children [8] . In a large US study of 5949 adults in the ICU, cEEG increased by an average of 33% per year over the period 2005 to 2009 [26] . A survey of pediatric neurologists from 50 US and 11 Canadian hospitals showed that cEEG monitoring increased from 2010 to 2011 from a median (p 25 -p 75 ) of 6 (5-15) cEEG per month per site to 10 (6.3-15) in the USA and from 2 (1-2.5) cEEG per month per site to 3 (2-4.5) in Canada [8] . Despite the increase in use of cEEG, a study on the largest pediatric inpatient database in the US showed that, among common indications for EEG monitoring in critically ill children and neonates, the estimated proportion of patients actually having an EEG is still low [27] . In the ICU, electrographic seizures and electrographic SE are frequent and are often associated with poor outcome [16, 28] . Electrographic seizures and electrographic SE may simply represent a biomarker of an underlying more severe etiology and, therefore, treatment may or may not modify outcomes. However, a growing body of evidence suggests that the association between frequent or prolonged electrographic seizures and electrographic SE with poor outcomes is causal. First, frequent electrographic seizures, high seizure burden, and electrographic SE are independently associated with poor outcomes in multiple series of newborns [9] [10] [11] [12] , children [5, 10, 11, 13, 14, 29] , and adults [17, 30] . Second, the association is strong with relatively high odds ratios in multivariable analysis. In a series of 200 children who underwent cEEG, having electrographic SE was independently associated with mortality with an odds ratio of 5.1 (95% CI: 1.4-18) [14] . In a series of 550 children who underwent cEEG in the ICU, the presence of electrographic SE was independently associated with increased frequency of death (OR = 2.42 (95% CI: 1.08-5.4)) [29] . In a series of 204 children in coma, electrographic seizures independently predicted poor outcome (OR = 15.4 (95% CI: 4.7-49.7)) [18] . Third, a series of 259 children on cEEG showed that the higher the electrographic seizure burden, the higher the probability of poor neurologic outcome, following a dose-response pattern typical of causal associations [5] . Finally, a study evaluating the first cEEG monitoring episode in 625 patients showed that longer times from ICU admission to cEEG are independently associated with mortality, both in newborns and children, suggesting that later recognition of electrographic seizures may delay treatment, increase seizure burden, and worsen prognosis [19] . Although there are multiple studies evaluating the potential association between seizures in critically ill patients and outcome, a major potential confounder is time to treatment [31, 32] . To complicate these aspects further, the time from seizure detection to treatment might not be a valid measure if the time of seizure detection is variably delayed by a late initiation of continuous EEG monitoring [19] .
Prolonged convulsive seizures put patients at higher risk of functional or structural brain injury and the severity is associated with seizure duration [33] . When seizures are convulsive it is difficult to disentangle the effect of physiologic and metabolic disturbances associated with prolonged motor convulsions from the effect of electrographic seizures themselves [33] . However, electrographic seizures themselves may cause brain damage [28] . This damage may be related to an increase of excitatory and a decrease of inhibitory neurotransmission and with alterations of the lactate/pyruvate ratio in the brain that become worse with longer seizures [34] [35] [36] . As the above studies suggest that seizures damage the brain in a time-dependent manner, ICUs teams are actively seeking to identify and treat electrographic seizures in a timely manner [20] . Delays in the treatment of convulsive SE are well documented [19, 37] but only a few studies have addressed time to detection and treatment of electrographic seizures in the ICU and its impact on outcome. In a series of 625 pediatric patients the median (p 25 -p 75 ) time from ICU admission to cEEG initiation was 16.7 (5.1-94.4) hours [19] . Importantly, time to cEEG was independently associated with mortality in both newborns and pediatric patients [19] . In a study that evaluated time from electrographic-only seizure detection to treatment in children in the ICU, 41 patients were treated before a standardized treatment pathway was developed and 21 patients were treated after pathway implementation [20] . The median (p 25 -p 75 ) time from electrographic seizure detection to administration of medication was shorter in patients in the pathway [64 (50-101) minutes versus 139 (71-189) minutes], and patients in the pathway also had a higher chance of seizure response (67% versus 27%) [20] . These studies established that the time to recognition and treatment of electrographic seizures in the ICU is delayed and that these delays probably contribute to worse response to treatment and tentatively to worse outcomes [19, 20] . Delays from electrographic-only seizure detection to treatment initiation may improve with a standardized cEEG monitoring pathway [20] . Our prior series showed that delays from the time from ICU admission to the start of cEEG are approximately 17 times larger than the delays from electrographic-only seizure detection to treatment initiation once cEEG is in place [19, 20] .
The current study establishes that the time from ICU admission to cEEG initiation does not improve with subsequent ICU admissions, even in patients with electrographic seizures or electrographic SE on their first ICU admission. One reason may be operational capaticity (availability of neuroICU teams and epileptologists to order cEEG in a timely manner, and of EEG technologists to initiate cEEG promptly after they are ordered). cEEG is resource intense and may be difficult to perform based on factors such as time of day and need for close monitoring of other acutely ill patients. Other potential reason may be the structure of the protocol in which EEG is suggested and ordered by the neuroICU team. At our center a neuroICU consult team covering all pediatric and neonatal ICUs and an epilepsy team including epileptologists and EEG technologists are immediately available at all times. All ICU patients with a primary or secondary neurologic condition are evaluated by the neuroICU team. During the period of data collection for this manuscript, the neuroICU team, based on clinical judgement, suggested the need for a cEEG to the epilepsy team, and the urgency of cEEG initiation was decided on a case by case basis. At our institution a clinical assessment often precedes discussion of the need for cEEG even in high risk patients. Treatment in the ICU is frequently initiated based on clinical information prior to cEEG initiation and sometimes time to treatment does not necessarily correlate with time to cEEG. Finally, although it may be clear that children with prior seizures in the ICU are at high risk of seizures on future admission, the admitting diagnosis may supercede discussion of the risk of a given patient towards seizures.
In the last three years, we have made stepwise changes in an attempt to shorten timing to cEEG placement and reporting in patients that are deemed high risk based on the available literature and ACNS guideline. If the clinical history suggests that the patient will need cEEG Àlike in the case of moderate to severe neonatal hypoxic-ischemic encephalopathy-the cEEG is routinely started at times even before the neuroICU team evaluates the patient. If the neuroICU team finds a clear indication for cEEG initiation, then cEEG can be initiated immediately with a posteriori approval by the epileptologist. In the last three years at our center we have more than one technician at all times to permit monitoring of inpatients as well as timely cEEG placement. With these changes we aim to shorten the time to cEEG in future studies. We anticipate that in centers with less availability of neuroICU teams, epileptologists, and EEG technologists delays to cEEG may be longer and less amenable to improvement. Even if the indication for cEEG in the ICU might not be seizure detection in all admissions it is remarkable that the time to cEEG was not decreased in the second or subsequent admissions even in patients with seizures or SE in the first admission. 
Strengths and weaknesses
The time from ICU admission to cEEG initiation is a surrogate variable that tries to estimate the variable of real interest: the time from the onset of the critical condition indicating cEEG to the time of the first meaningful assessment and intervention, which may not be measurable. There are many potential factors that may have contributed to a delayed initiation of cEEG. The treating medical team may have delayed cEEG initiation in fragile patients who could not initially tolerate cEEG or required other immediate diagnostic studies, such as imaging, or additional life-saving procedures. Conversely, a delayed cEEG initiation may signal patients with low clinical suspicion for electrographic seizures at the beginning of their ICU admission or patients in whom a new condition developed while in the ICU which prompted cEEG. The time of the day and the day of the week may have influenced the availability of resources to start a cEEG even in our center with 24/7 technologists and epileptologists. Our center is a large academic referral center, potentially limiting the generalizability of results. Similarly, our patient population is not necessarily representative of all critically ill children in the ICU or of all children with cEEG in an ICU. We aimed to study how time to cEEG varies across subsequent ICU admissions. Only a few patients are admitted to the ICU and started on cEEG multiple times, leading to a relatively low number of patients in the current study. Further, patients with more than 2 different ICU admissions with cEEG were rare in our series and, therefore, we could not evaluate differences over time with statistical tests beyond the first 2 admissions. A longitudinal analysis of time to cEEG across all admissions using an analysis of response model or a mixed effects model was considered, but the relatively low number of patients with more than 2 independent cEEG monitoring episodes did not allow us to pursue this approach. Challenges to an early initiation of cEEG are expected to affect both critically ill patients and non-critically ill patients. Although it would be interesting to quantify time to cEEG in non-critically ill patients our study focused on patients in the ICU because their conditions typically require timely diagnostic and therapeutic approaches. Additionally, in case of competing EEG orders and limited staff resources, cEEG in critically ill patients are prioritized at our center. Therefore, the time to initiation of cEEG in noncritically ill patients may be artificially prolonged because of prioritization of resources. Despite these limitations, our study is the first approach to quantify how time to cEEG varies in the same patient with subsequent ICU admissions, and may help in the identification of patients at risk.
Conclusion
In our series of critically ill children with repeated episodes of cEEG monitoring, the time from ICU admission to the initiation of cEEG did not decrease during the second or subsequent ICU admissions, even in patients with seizures or SE during the first admission.
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